One Sentence Summary: Functional phylotyping of Ruminococcus albus, by sequencing of a segment of the glycoside hydrolase cel48A gene containing a unique CBM37, revealed multiplicity of R. albus strains in the cow rumen.
INTRODUCTION
Ruminants are herbivores, and their digestive systems allow them to absorb and digest large amounts of plant-derived material. This capacity is of enormous significance to man, as ruminants essentially convert the energy stored in plant mass to digestible food products, of which humans are secondary beneficiaries (Flint et al., 2008) . The bovine rumen, the most extensively studied gut community, contains large numbers of bacteria, ciliate protozoa, anaerobic rumen fungi and bacteriophage (Mizrahi 2013; White et al., 2014) . It has been shown that relationships between gut bacterial communities and their mammalian hosts have an important role in the host's well-being and proper function (Ley et al., 2008; Zilber-Rosenberg and Rosenberg 2008) . Rumen microbiota has been shown to affect the host's physiological parameters, such as milk composition and feed efficiency (Jami, White and Mizrahi 2014) , and their study thus attains continued relevance.
Two cellulolytic Firmicutes species, Ruminococcus flavefaciens and R. albus, are critical members of the rumen community. They are responsible for plant cell wall degradation, coordinated by a multitude of enzymes termed glycoside hydrolases (GHs), required for hydrolysis of both cellulose and non-cellulosic structural polysaccharides (Himmel et al., 2010; Bayer, Shoham and Lamed 2013; Lombard et al., 2014) . Ruminococcus flavefaciens uses a confirmed cellulosomal mode of biomass degradation and has one of the most elaborate cellulosomal architectures known in nature Rincon et al., 2010) . Ruminococcus albus apparently uses a different strategy. Although numerous dockerin-containing proteins have been detected in the various known R. albus genomes, there appears to be but a single cohesin sequence in some but not all strains, thus suggesting a lack of a bona fide cellulosome in this species (Dassa et al., 2014) . Instead, there is evidence that R. albus employs a family 37 carbohydrate-binding module (CBM37) to attach to the substrate and for the assembly of carbohydrate-degrading enzymes on the cell wall (Ezer et al., 2008; Rakotoarivonina et al., 2009) . The CBM37, unique to R. albus, comprises an integral part of various carbohydrate-active proteins, including enzymes of different GH families, and particularly those that have been demonstrated to be important for efficient cellulose degradation (Xu et al., 2004; Dassa et al., 2014) , notably the Cel48A (Devillard et al., 2004) . Cel48A encodes a processive, reducing-end-directed exocellulase from the GH48 family, primarily found in bacteria, and notably in cellulosome-producing bacteria. Enzymes in this family can function either independently, such as Cel48A from Thermobifida fusca, or complexed as catalytic components in cellulosomal assemblies, as in the case of Cel48S from Clostridium thermocellum and Cel48F from C. cellulolyticum (Irwin, Zhang and Wilson 2000) . The Cel48 exocellulases exhibit relatively low cellulolytic activities by themselves, but provide enhanced synergistic activities in combination with other cellulases (i.e. endoglucanases).
Comparative techniques based on ribosomal RNA (rRNA) are an important tool, widely used to elucidate the phylogenetic landscape of the rumen microbiome (Deng et al., 2008; Welkie, Stevenson and Weimer 2010; Jami and Mizrahi 2012; Jami et al., 2013; Petri et al., 2013a) . Although this approach has been successful for analyzing the diversity of organisms within the rumen, this tool is ineffective for differentiating among strains belonging to the same species (Jaspers and Overmann 2004) . Previously, we have reported the scaffoldin gene, scaC, to be a powerful tool for discriminating among multiple strains of R. flavefaciens within the rumen microbiome Brulc et al., 2011) and showed extensive diversity of ScaC types within the rumen of the tested animals that are affected by dietary transition.
In this communication, we focus on the development of a new gene marker for phylotyping of an additional cellulolytic ruminal bacterium. In this context, we demonstrate the use of a segment of cel48A, which encodes a unique CBM37 module linked to the family 48 glycoside hydrolase (denoted GH48-CBM37), for the investigation of intraspecific diversity of R. albus within the rumen of herbivores.
MATERIALS AND METHODS

Ruminococcus albus reference strains used in this study
Ruminococcus albus strains 8, 20, 7, SY3 and B199 were used as reference strains in this study ( Table 1 ). The genomic DNA of strains 8, 7, SY3, B199 was extracted as described previously . Genomic DNA of strain 20 was a kind gift from Dr Pascale Mosoni (INRA, Theix, France). The fiber-adherent bacterial samples were obtained (Larue et al., 2005) from the rumen contents of three Angus Simmental Cross steers (samples 8, 64 and 71) averaging about 500 kg each in weight, which were maintained at Illinois State University, fed medium-quality grass-legume hay once a day ad libitum, and from one Israeli Holstein Friesian lactating cow (VC1963), about 650 kg weight, maintained in ARO Volcani center, Israel, fed a diet consisting of 70% roughage and 30% concentrate ad libitum, provided once a day. • C in the end. Total R. albus genomic DNA or rumen metagenomic DNA (100-500 ng) served as a template. Forward primer 5 -CAACGGCACAATGCCTAACGG-3 (cel48A FOR) and reverse primer 5 -CCACTTACCAGCCAGGTATAC-3 (cel48A REV) were used to amplify the GH48-CBM37 region.
Animal handling and sampling
Amplification of the cel48A marker region
Cloning and sequencing of the cel48A marker region
Total DNA was extracted from the fiber-adherent bacteria by a bead-beating method as described earlier (Yu and Morrison 2004) . The GH48-CBM37 gene fragment was amplified from rumen DNA samples using gene-specific primers (cel48A FOR and cel48A REV), and PCR products were purified from a 1.5% agarose gel. The gel-purified fragment was ligated to the pGEM-T Easy Vector (Promega, Madison, WI) and transformed into Escherichia coli XL1 Blue competent cells. Transformants were selected by plating onto selective LB agar plates, supplemented with 100 μg ml −1 ampicillin (LB/amp) and incubated overnight. 
SY3
Isolated from rumen contents of a sheep fed on a roughage diet in 1976; the strain is kept at the CS Stewart collection (Rowett Research Institute, Aberdeen, Scotland); Wood et al. (1982) 
(ATCC 27211)
Isolated from bovine rumen; Bryant et al. (1958) 
(ATCC 27210, DSM 20455)
Type strain for R. albus; isolated in 1951 by RE Hungate from a cow fed timothy hay and cottonseed and rolled barley; Hungate (1957) and Suen et al. (2011) 
B199
Isolated from bovine rumen; Bryant and Robinson (1961) Insert-containing clones were sequenced with vector-specific primers using an ABI 3730xl sequencer (Applied Biosystems, Foster City, CA) as described previously (Brulc et al., 2011) . The resulting cel48A sequences have been deposited to NCBI with accession numbers KM514719-KM514735. The cel48A sequence of R. albus strain B199 was deposited to NCBI with accession number KM514736. The amplification, cloning and analysis of the scaC marker region was performed as described previously (Brulc et al., 2011) . The resulting scaC sequences have been deposited to NCBI with accession numbers KM581224-KM581237.
Sequence analysis of the cel48A marker region
All cel48A sequences were manually inspected and trimmed to their start and end codons using Artemis. Partial nucleotide and amino acid cel48A sequences were aligned in Clustal Omega (http://www.ebi.ac.uk/Tools/msa/clustalo/) and visualized using BioEdit (http://www.mbio.ncsu.edu/bioedit/bioedit.html). Maximum likelihood trees were created using the default parameters of PhyML and the resulting tree was visualized with TreeDyn (http://www.phylogeny.fr/version2 cgi/simple phylogeny.cgi).
RESULTS AND DISCUSSION
Selection of a cel48A unique marker sequence in the R. albus genome CBM37 is a unique domain, possessed exclusively by R. albus, thus rendering a good potential marker for phylotyping of this bacterial population. CBM37 appears in all sequenced R. albus genomes in multiple copies and is present in numerous polysaccharide-degrading enzymes and other non-enzymatic proteins (Ezer et al., 2008; Dassa et al., 2014) . For functional phylotyping of R. albus strains in the rumen, we decided to use the cel48A, a conserved gene encoding a family 48 glycoside hydrolase (GH48), which is found in R. albus as a single-copy gene linked to CBM37 (Fig. 1) . Alignments of the cel48A sequences of four different R. albus isolates (7, 8, 20 and SY3) (Rakotoarivonina et al., 2009; Dassa et al., 2014) revealed a mosaic pattern of conservation with ∼76% sequence identity, relatively conserved in the GH region and highly variable in the linker region between the GH48 and CBM37 modules (Fig. S1 , Supporting Information). Although linkers have been long regarded as mere connectors, it has become clear that they are optimized for specific functions beyond intermodular connection, and variations in their sequence affect enzyme activity (Ma et al., 2011) . Previously, we have showed that linkers between cellulosomal components may adopt alternative conformations in their natural environment consistent with varying environmental conditions and suggested that they play an important role in assembly, dynamics and function of the cellulosome (Noach et al., 2009) . Recently, it has been shown that length of the linkers between GHs and CBMs may also play an important role in protein function. Linkers undergo modifications such as glycoslation and have also been shown to directly bind to the cellulose substrate (Srisodsuk et al., 1993; Sammond et al., 2012; Payne et al., 2013) . Point mutations in different GH-CBM linkers have been shown to significantly affect the activity of the enzymes and their stability (Couturier et al., 2013; Lu et al., 2014) .
Fully conserved sequence regions were identified at the C-terminal portion of the GH48 module and within the CBM37 linked to it. We therefore used these two regions to design primers cel48A FOR and cel48A REV, which served as a combined reporter device in this study. Using these primers for PCR amplification of a defined partial sequence of cel48A as a marker region for R. albus, we obtained ∼500-bp fragments, which included the variable linker region between the two domains. These fragments exhibited 66% sequence identity between the four different R. albus strains. This short fragment was easy to sequence and analyze, compared to the complete ∼2660-bp gene. Nevertheless, it contained sufficient sequence variations to be used as a marker region for discrimination between the different R. albus cel48A gene types. The primers successfully amplified the same region of the cel48A gene in the five tested R. albus isolates (i.e. strains 7, 8, 20, SY3, B199) ( Table 1 ; Fig. S2 , Supporting Information). Because each reference genome contains a single copy of the cel48A gene, we used this region for R. albus phylotyping, assuming that different sequences represent different strains of this bacterium.
Amplification of the cel48A marker sequence from metagenomic samples reveals the existence of multiple R. albus strains in each rumen
The cel48A marker sequence, comprised of the partial GH48-CBM37 region, was amplified from rumen DNA samples of four different bovines: three Angus-Simmental Cross steers (denoted 8, 64 and 71), which were maintained at the Illinois State University, USA, and one cow at the ARO Volcani center, Israel. We obtained 200 sequences, which were analyzed, aligned and compared to the sequences of the characterized R. albus reference strains. Among these sequences, nine distinct types of cel48A were detected and denoted SY3, 7 I, 7 II, 7 III, 7 IV, Unk1, Unk2, Unk3 and Unk4 (Fig. 2 , GenBank accession numbers KM514719-KM514735). In the rumens of the three steers, we detected sequences absolutely identical to the sequence of the R. albus SY3 reference strain; therefore, we named this metagenomic sequence type as SY3. None of the obtained sequences, however, were identical to the R. albus 7 reference strain. Instead, we detected four sequence types, denoted I, II, III, IV, which diverged in only a few nucleotides from R. albus 7. Group 7 I (22 sequences) differed from the reference strain 7 in four nucleotides leading to substitution of four amino acid residues: three in the GH48 region and one in the CBM37. Group 7 II (89 sequences) differed by four nucleotides and three amino acid substitutions in the region of GH48, and one nucleotide replacement in the CBM37 region that was silent. Group 7 III (three sequences) differed in three nucleotides (one amino acid in the CBM37 region and two silent substitutions). Group 7 IV (1 sequence) contained eight nucleotide replacements, four of which were identical to the Group 7 III variant and an additional four replacements (one amino acid and three silent substitutions). The amino acid substitutions in this variant were all in the GH48 region. We are confident that these cel48A sequences represent R. albus types that are evolutionarily close to strain 7. These findings demonstrate the potential of cel48A-specific primers as a sensitive tool for detection of even minor genetic variations within a tested DNA sequence to discriminate between different strains within a bacterial population.
Interestingly, the Group 7 II type was detected in all tested rumen samples, including the VC1963 cow from Israel. The Group 7 I type was detected in all three USA steers. These results demonstrate the existence of identical R. albus sequences in different animals and, notably, geographically distant animals.
We also detected cel48A sequence types, which were not identical to any of the reference strains (Table 1) , which probably represent uncultured strains of R. albus. The phylogenetic distribution of these sequences (Fig. 3) showed that three of them clustered with the R. albus strains SY3 and AD2013. Strain AD2013 was isolated from the rumen of a New Zealand cow, and the genome has been recently published (GenBank accession number JAGS00000000.1). An additional sequence type clustered with strains 8 and 20. The latter strains were not detected in the rumen DNA samples, indicating that these strains were not abundant in the rumen of the tested animals. Consequently, the phylogenetic tree revealed three groups of sequences: (i) one exhibiting strong similarity to the reference strain 7, (ii) a second that included the sequence identical to reference strain SY3 and three other unidentified strains and (iii) a third branch that included only one unidentified sequence, which clustered with R. albus reference strains 20 and 8. Our results (Figs 2 and 3) demonstrate that in the rumen of a given animal the phylogenetic distribution of the cel48A sequence types reflects the existence of multiple strains of R. albus. A phylogenetic tree based on sequences of 16S rRNA gene of the R. albus reference strains used in this study (Fig. S3 , Supporting Information) correlates with the phylogenetic results based on the marker sequence of cel48A. However, the high sequence identity of 16S rDNA of strains belonging to the same bacterial species is an obstacle for intraspecific phylogenetic analysis. The ∼1500-bp 16S rRNA gene sequences of R. albus strains 8 and 20 differ in only four nucleotides and exhibit 99.7% identity. Moreover, strains SY3 and AD2013 have 100% identical 16S rRNA gene sequences. Discrimination between these strains and other closely related strains, such as Unk1, Unk2, Unk3 and Unk4, which were easily detected in this study using the cel48A-based marker, would not be possible using the 16S rRNA gene sequence phylogeny.
Biogeographically distant animals possess similar strains of R. albus with different relative abundance and lower divergence compared to that of R. flavefaciens
We analyzed the diversity of R. albus within and among the rumen of different bovines (Fig. 4) . Very similar cel48A gene sequences (ergo similar R. albus strains) were evident in the rumen of the four different animals (Fig. 5) . These cel48A types may comprise the core ruminal R. albus population, which is shared by different animals and was reported to remain stable regardless of differences in diet or host genetics (Jami and Mizrahi 2012; Petri et al., 2013b) , but given the low number of animals final confirmation awaits further study. However, the relative abundance of these cel48A types differed among the rumen of different animals (Fig. 4) . The dominant R. albus cel48A gene type in steer 8 was similar to that of R. albus SY3. In steers 64 and 71, however, the dominant type was Group 7 II, and in the rumen of cow VC1963 the dominant type was Group 7 I.
In each rumen, we detected one dominant R. albus strain and several less abundant satellite strains. The R. albus populations in steers 64 and 71 were more similar to each other, compared to those in steer 8 and cow VC1963. These could be viewed as a stage of competition among the potential R. albus strains in a certain ecological niche within the rumen environment. Additionally, these results could be interpreted under the periodic selection model, which is the basis for the ecotype model (Cohan 2006) . According to this model, a single ecotype occupies each microniche within the rumen environment. This phenomenon is due to periodically arising mutations leading to increased fitness in the population. Each positive mutation leads to selective sweeps that convey the overall genome to a constant state in each particular niche with concomitant loss of neutral diversity. Therefore, the multiplicity of different sequence types could be viewed to reflect the different ecotypes that represent occupants of distinct rumen microniches. Alternatively, the potential R. albus ecotypes could represent a state between the appearance of large-effect mutations and before a selective sweep. The dominant R. albus strain could therefore be the residual of the last selection sweep, and several less abundant satellite strains, detected in each of the bovines, may then become newly arising ecotypes.
These results are consistent with our previous reports on the abundance and diversity of R. flavefaciens strains in the rumen, in which we used a sequence of the scaC gene, encoding a small scaffoldin protein, as a species-specific marker to analyze metagenomic samples Brulc et al., 2011) . The latter studies revealed a great diversity of scaC sequences (consequently of R. flavefaciens strains) in the rumen of three different steers, one of which (steer 71) had a microbiome and metagenome which were remarkably different from the other two (8 and 64) (Brulc et al., 2009) .
In the present study, for R. albus phylotyping, we used the rumen samples of the same steers (8, 64, 71) with the addition of a sample from a cow in Israel, i.e. VC1963. The diversity of R. albus cel48A types that we found was relatively low, compared to the extensive diversity of the R. flavefaciens scaC types, previously detected in the same steers (Brulc et al., 2011) . To complete the overall picture, we analyzed the diversity of R. flavefaciens in the rumen of the Israeli VC1963 cow, which has not been analyzed previously, using the scaC primers as a marker . In this context, we analyzed 15 clones and detected 6 different scaC sequences (Fig. S3 , Supporting Information; Genbank KM581224-KM581237), whereas for R albus, we analyzed 14 clones and detected only 2 different cel48A gene sequences. Based on the phylogenetic analysis of Ruminococci using carbohydrate degradation-related genes as markers (scaC for R. flavefaciens and cel48A for R. albus), for all animals tested, our results demonstrate that the intraspecific diversity of R. albus is lower compared to that of R. flavefaciens in the rumen of the tested animals.
Previously, the approach of using functional genes as phylogenetic markers has been used to study the diversity in microbial populations such as sulphate reducers (Kuppardt et al., 2014) , nitrite oxidizers (Pester et al., 2014) , planctomycetes (Bondoso, Harder and Lage 2013) , methanotrophic bacteria (Lau et al., 2013) and methanogenic archaea (Friedrich 2005) . In our previous work, the scaC gene was used for gauging the diversity of R. flavefaciens in the rumen Brulc et al., 2011) . In this study, a marker gene for R. albus, cel48A, was added to this repertoire. The use of both scaC and cel48A, the latter containing partial GH48 and CBM37 modules and the linker region between them, as phylogentic markers has the advantage wherein these genes are confined to single species, thus allowing the evaluation of intrastrain diversity of these bacterial populations. Using this approach, we found a multiplicity of R. albus and R. flavefaciens strains in each animal. We postulate that this method can potentially be used for the general exploration of the behavior of Ruminococci populations in the rumen of herbivores.
